ABSTRACT. The aim of this study was to identify inbred progenies of S 0:1 maize (Zea mays L.) plants that were efficient at a low level of technology and responsive at a high level of technology through the use of topcrosses. Two contrasting environments were created using two levels of base fertilization and topdressing, so that the levels of nitrogen, phosphorus, and potassium were applied four times higher in one environment than in the other. We used S 0:1 progenies derived from commercial hybrids in topcrosses with two testers (an elite line from the flint heterotic group and an elite line from the dent heterotic group). The progenies and three controls were evaluated in an augmented block The average grain yield in the high-technological level was 21.44% greater than that in the low-technological level. There were no changes in progeny behavior in the two technological levels for grain yield. The testers did not differ in the average grain yield of the progenies at the two technological levels. Therefore, it is possible to select progenies derived from commercial hybrids that have an efficient response to fertilization.
INTRODUCTION
Maize (Zea mays L.) is one of the most important crop species in the world, mainly because of the cultivation of hybrids and/or improved varieties that are adapted to adverse environments, which made it possible to break variety yield barriers at the beginning of the 20th century.
In 2008, Empresa Brasileira de Pesquisa Agropecuária (EMBRAPA) began a maize breeding program in Northeast Brazil. The aim of this program is to obtain varieties, variety crosses, and conventional hybrids (double cross, three-way, and single cross) that are adapted to the main maize producing regions of the Brazilian Northeast by obtaining and combining local lines.
The success of a breeding program is as dependent on the environments chosen for testing as on the germplasm used in selection (Balestre et al., 2009) . Breeding programs generally evaluate a large number of genotypes in a few environments in the initial phase, followed by an increase in the number of environments to the degree that the genotypes selected are reduced at each phase of evaluation (Rodrigues et al., 2013) .
The genotype x environment interaction burdens breeding programs because they need to evaluate the materials in a series of environments that represent the region, or the soil and climatic conditions, so that the materials can achieve all of their genetic potential and the economic problems caused by their fragility can be avoided. Nevertheless, it is possible to reduce the cost of, and time spent, setting up experiments by simulating environmental variation through fertilization concentrations and other controllable factors.
One way of optimizing the selection of genotypes is to create differentiated environments with regard to technological level, which is an effective method for identifying superior materials. However, the use of different areas that are large enough for crop development is not very common, and even less so is the use of areas that differ in concentrations of nitrogen (N), phosphorus (P), and potassium (K), which represents the environmental extremes to which cultivars can be subjected.
We tested the hypothesis that a crop that is at the same time productive at a low level of technology, represented by low levels of N, P, and K, and responsive at a high level of technology, represented by high levels of N, P, and K, is the ideal genotype, because of its high performance under favorable conditions and stability under unfavorable conditions. Therefore, the goal of this study was to select inbred progenies of maize that are efficient at a low level of technology and responsive to a high level of technology by using topcrosses.
MATERIAL AND METHODS
The experiment was conducted at the Jorge Sobral Experimental Field, EMBRAPA Tabuleiros Costeiros, Nossa Senhora das Dores, Sergipe, Brazil. The area is georeferenced by the Universal Transverse Mercator coordinates 697,454 m N and 8,842,614 m E (24L) and is at 209 m above mean sea level. The soil is classified as a Latossolo Amarelo Distrocoeso típico, with a moderate A horizon, medium/clayey texture, flat topography, is moderately to well drained, and not rocky. The mean annual rainfall in the last 10 years has been 1163 mm.
The genitors were chosen based on the results of regional trials of maize cultivars in the Northeast region, and the results of the Early, Normal, and Very Early National Trials of the Middle West area of Brazil (Ensaios Nacionais Precoce Normal e Superprecoce do Centro Oeste). Commercial single hybrids with good adaptability, stability, and superior performance in the main production regions of Brazil were identified. Based on these evaluations, 17 commercial hybrids were selected and were used as parents.
Inbred progenies were obtained from self-pollination of the parents. Initially, the S 0 generations were obtained by the self-pollination of five plants and the selection of the two best ears within each parent. For the following self-pollination cycle for each parent, a bulk collection of seeds from the two best S 0 ears was conducted, which were sown in plots of eight 5-m-long rows with 70 cm between rows and 20 cm between plants, in order to obtain 25 plants per row after thinning. At the time of flowering, 100 to 120 competitive, vigorous, healthy plants, with a good ear set, were self-pollinated within each plot. Around 30 days after flowering, a phenotypic selection was made for leaf and stalk health, the pollination bags were removed from discarded plants, and at least 70 to 80 plants were selected. At harvest, a phenotypic selection was made of the stalks and ears for health, type of ear, and ear row alignment. Around 40 S 0:1 ears were selected on average.
Two elite lines were obtained from the single hybrid 'BRS 1040', and were designated as L1 (flint heterotic group) and L2 (dent heterotic group). A total of 673 S 0:1 inbred progenies were sown (female rows) in two detasseled lots, isolated in time. We used 3-m-long rows with 70 cm between them and 20 cm between plants, in order to obtain 15 plants per row after thinning. In each topcross, a male row, sown with seeds from one of the tester lines, was inserted for every two female rows. This yielded Topcross 1, from crossing with line L1, and Topcross 2, from crossing with line L2.
Detasseling was begun at the pre-flowering stage in the female rows, to obtain crosses with the respective testers. The isolated lots were harvested, and progenies with a high occurrence of leaf and stalk diseases, ear health problems, or those that produced fewer than 650 seeds were discarded. This last criterion was adopted with a view toward selection for the production ability of S 0:1 seeds, and to ensure that the quantity of seeds was sufficient for setting up at least six preliminary trials with two replications of 25 seeds per row.
The ears selected within each inbred progeny were shelled and the seeds were homogenized before counting for setting up the trials, and the remaining seeds were kept in cold, dry storage for reevaluation in the following crop season.
The two topcrosses were evaluated in the 2010 crop year in the high-and lowtechnology environments. An area of around 5 ha was chosen, which was divided in half longitudinally for the creation of two contrasting environments, a high-technology strip and a low-technology strip. Soil chemical analysis was conducted using subsamples taken from the four quadrants of the total area. Soil in the high-technology strip was amended with 800 kg/ha dolomitic limestone and received 180.00 kg/ha N, 149.80 kg/ha P 2 O 5 , and 85.60 kg/ha K 2 O, whereas the lowtechnology strip did not receive limestone and received 45.00 kg/ha N, 37.8 kg/ha P 2 O 5 , and 21.60 kg/ha K 2 O. Fertilizer was applied in the form of 535 and 135 kg/ha, respectively, of 8-28-16+Zn at sowing and the remaining N in topdressing in the form of urea at 21 days after emergence. Other crop treatments, such as weed and pest control, were identical for the two environmental conditions.
Because of the large number of treatments, only one replication per environment was used in an augmented block design (Federer, 1956) . The plots consisted of 6-m-long rows containing 21 plants. The topcrosses were arranged in blocks of 49 treatments, three of which were the controls 'AG 7088', 'BRS 1040', and '2B707'. In Topcross 1 (with the Tester 1 line), 477 topcrosses were evaluated, and in Topcross 2 (with the Tester 2 line), 476 topcrosses were evaluated.
Plots were sown in each environment with a plot seeder, with 50 cm between rows and 28.5 cm between plants, resulting in a population of 70,000 plants/ha. The traits evaluated were plant height (PH), ear height (EH), stand (ST), number of broken or lodged plants (BLP), number of ears (NE), percent of diseased ears (%DE), and ear weight (EW).
Initially, the data from the topcrosses were subjected to individual analyses of variance (ANOVAs) at each technological level and for each trait separately, using an augmented complete block model (Federer, 1956 ) that was based on the following model:
where Y ij is the observation of treatment i within block j, m is the overall mean of the experiment, g i is the random effect of the common treatment and of the regular treatments i, b j is the random effect of block j, and e ij is the experimental error associated with the common treatment y ij .
Subsequently, a combined ANOVA was conducted for each trait separately based on the fitted means, taking into consideration the two topcrosses in the two levels of technology:
where Y iks is the observation in reference to treatment i within environment k in tester s, m is the overall mean of the experiment, t i is the random effect of treatment I, a k is the fixed effect of the environment k, ta ik is the random effect of the interaction between treatment i and environment k; and e iks is the random effect of the mean experimental error of the individual analyses in each environment k in the two topcrosses.
In the combined analysis, the sums of squares of the treatments were broken down into topcrosses, controls, and their contrasts, and interactions between these and the technology levels. In addition, the sums of squares of the topcrosses were broken down for each of the testers and the contrasts between them.
The fitted means of the common treatments of Topcrosses 1 and 2, with the exception of the controls, of each individual analysis were organized in order to only conduct diallel analysis for PH, EH, and EW. The analysis was performed according to method 4 of model I from Griffing (1956) , which was adapted for partial diallels in multiple environments (Ferreira et al., 1993 ). This method is used when a set of hybrids is available without their reciprocals. The statistical model was as follows:
where Yrsl is the mean value observed in the hybrid combination between the rth tester with the sth line at technological level l; a l is the effect of technological level l (l = 1, 2); g r is the effect of the overall combining ability of the rth tester (r = 1, 2); g' s is the effect of the overall combining ability of the sth progeny (s = 1, 2, 3,..., 394); s rs is the effect of the specific combining ability (SCA) between the tester r and the progeny s; (ag) rl is the effect of the interaction between the overall combining ability of the rth tester and the effect of the technological level; (ag') sl is the effect of the interaction between the overall combining ability of the sth progeny and the effect of the technological level; (as) rsl is the effect of the interaction between the SCA between the testers r and the progenies s and the effect of the technological level; and e rsl is the mean experimental error considering the mean sum of squares of the residues, fitted to the number of observations. Differentiation between the efficient and responsive progenies in the technology levels was performed using the method of Fageria and Kluthcouski (1980) , which consists of classifying genotypes into four classes that result from the combination of two factors according to their efficiency in the use of nutrients at low availability and their ability to respond to high nutrient availability, and were designated as efficient responsive, non-efficient responsive, non-efficient non-responsive, and efficient non-responsive.
Efficiency in the use of nutrients corresponds to the mean grain yield at a low level of fertilization (YLL). The ability to respond to a high nutrient availability was defined by the alpha parameter and estimated by the following equation:
where YHL is the yield at a high level of technology, YLL is the yield at a low level of technology, and DEN is the difference between the nutrient application rates (kg/ha). To be classified as efficient, a cultivar needed to have a YLL value that was above the mean YLL value. The criterion to be classified as responsive was to have an α value that was above the mean α value.
RESULTS AND DISCUSSION
The experimental precision, as evaluated by the coefficient of variation (CV), was considered high for the traits PH and ST, because the CVs were less than 10%. For the traits EH, NE, and EW, the CV was less than 20%, which indicates medium experimental precision (Table 1) .
However, for the traits BLP and %DE, the CV was greater than 30%, indicating low experimental precision according to the classification of Pimentel-Gomes (1990) . These high CVs can be explained by the fact that these characteristics had a binomial distribution and commonly have high CV estimates (Silva, 1984; Hallauer and Miranda Filho, 1988) .
Technological level had a significant F-test value (P ≤ 0.05) for all of the traits studied, except ST, indicating that the technological levels had no influence on the number of plants that were maintained in the field up to the time of harvest. Significant differences were found in all of the variables between the treatments, indicating the existence of genetic variability among them.
Treatment was broken down into the progenies (Topcross 1, Topcross 2, and contrast between the topcrosses), controls, and contrast between the controls and the progenies. The progenies significantly differed in all of the traits examined, i.e., there were no similarities among the progenies. When analyzing each group separately, significant differences were observed within Topcrosses 1 and 2. The contrast between Topcrosses 1 and 2 was only significant for %DE; the other variables were not significantly different, indicating that the testers did not differ in relation to these characteristics. The testers used were two elite lines with contrasting loci and were part of the commercial hybrid 'BRS 1040' of the EMBRAPA plant breeding program; these lines should have had a large number of loci with fixed favorable alleles (P = 1). According to Vencovsky (1987) , the greater the frequency of favorable alleles in the tester, the lower the discrimination of the progenies. However, the use of testers with a high frequency of favorable alleles allows the identification of the best crosses, i.e., those with the greatest SCA with these testers. In this situation, the testers should be the best elite lines of the program and of distinct heterotic groups, e.g., the two parental lines of a good commercial hybrid (Hallauer and Carena, 2009) . Therefore, new lines that are identified in superior crosses could directly become parents of commercial hybrids.
There were no significant differences between the mean values of the controls and the progenies for any of the characteristics evaluated. In general, the performance of the ns Not significant; **significant at 5% by F-test; CV, coefficient of variation; SV, source of variation; d.f., degrees of freedom. progenies was similar to that of the controls. It should be noted that this is desirable in a breeding program, because the ideal situation is that the genotypes evaluated exhibit a greater or equal performance to the genotypes that are already on the market. Although there were no significant differences in this contrast, it was observed that some progenies had mean yields that were greater than the yields of the controls, and these progenies should be selected. There were no significant interactions between the treatments and technological levels for any of the variables analyzed, indicating that the treatments exhibited similar performances in the different technological levels (Table 1 ). This result is important, because it makes it possible to select progenies that are responsive to environmental improvement. Although the plants exhibited similar performances in both technological levels, it is necessary to know the performance in the two levels of technology, because selection should be made based on the mean values of the low-and high-technological levels.
The mean yield was 9119 kg/ha, with the topcrosses producing, on average, 8791 kg/ha and the controls producing 9775 kg/ha (Table 1 ). In the low-technological level environment, Topcross 2 obtained the highest mean value with 8784.4 kg/ha. In the high-technological level environment, the controls exceeded the mean values of the topcrosses, and produced around 11,073 kg/ha. The high-technological level produced a yield that was 21.4% greater than that of the low-technological level. This was expected, because maize responds very well to an increase in fertilization. In the high-technology environment, the application rate of N, P, and K was four times greater than that in the low-technology experiment (Table 1) .
A combined diallel analysis was only performed for PH, EH, and EW (Table 2 ). Significant differences were observed (P ≤ 0.05) between the technological levels and between the topcrosses, suggesting that there was variability between the topcrosses and between the technology levels. ns Not significant; **Significant at 5% by F-test; SV, source of variation; d.f., degrees of freedom; GCA, general combining ability; SCA, specific combining ability.
The general combining ability (GCA) estimates of the progenies were significant for the characteristics studied, indicating that there was genetic divergence between the progenies and that additive gene effects were important in the expressions of these characteristics. The testers were less divergent between themselves than were the progenies, which is shown by the non-significant GCA estimates for EH and EW, with only PH being significant.
The SCA, regarding non-additive gene effects, was fundamental for the expression of EH and EW. This indicates that the hybrids may have exhibited performances that were different from those expected because of the GCA effects of their parents, and that heterosis was important for their phenotypic expression; however, it was not very important for the expression of PH. Both GCA and SCA effects were significant for EW, which shows that additive and non-additive gene effects were important. Therefore, the number of favorable alleles provided by the progenies and the allelic complementation obtained in the specific crosses were important for the formation of superior hybrids.
The estimates for the topcross x technological level interaction for PH and EH were significant in relation to the response variable EW. It can be inferred that the topcrosses exhibited performances that were similar in the two technological levels. In the breakdown of this interaction for the PH trait, GCA (progenies) x technological level, GCA (controls) x technological level, and SCA (controls x progenies) x technological level were all significant, indicating that the environment could change the expression of the favorable alleles provided by the parents. Regarding EH, breaking down the interaction showed that only GCA (progenies) x technological level was significant, indicating that the alleles of the progenies were of greater importance than those of the testers in EH determination.
Tester 2 (dent heterotic group) that belonged to group I exhibited positive GCA values for all of the variables studied (Table 3 ). This tester had effective alleles that provided a positive increase in these variables in the crosses in which it participated. In group II, of the 20 best progenies, the progenies '9307', '9592', and '9321' exhibited the greatest GCA estimate for EW.
ns Not significant; **significant at 5% by F-test. The SCA was significant for EW ( Table 1 ), confirming that there were certain combinations that proved to be relatively better or worse than would be expected based on the mean performance of the parents. Considering the 25 best progenies in regard to the mean values for EW, the highest SCAs were obtained in the crosses '9307' x L1, '9302' x L1, and '9592' x L1 (Table 4 ). The best hybrid combinations were those with high SCA values and at least one of the parents with a high GCA value. Although Tester 2 had higher GCAs, the highest SCAs were obtained in the crosses between the progenies and Tester 1, which was in the flint heterotic group. This indicates that line 1 probably had greater allelic complementation than the dent line 2, and that the most productive progenies were of the dent heterotic group.
A classification of the topcrosses with regard to production, based on their efficiency in the use of nutrients at low availability and their ability to respond to high nutrient availability, is presented in Figures 1 and 2 for Testers 1 and 2, respectively. Regarding the topcross with Tester 1, 18.8% of the progenies were classified as efficient and responsive, and in the topcross with Tester 2, 14.2% of the progenies were classified in the same quadrant. In both topcrosses, there was wide dispersion in the progenies, with segregation in all types of performance. Similar results were found by Fidelis et al. (2010) when analyzing maize populations with regard to P-use efficiency and response.
The partially inbred progenies that were classified as efficient at a low level of technology and responsive at a high level of technology were located in quadrant I ( Figures  1A and 2A) . Prominent among the progenies were '9268', '9495', '9309', '9083', '9315', and '9507' crossed '9111', '9131', '9158', and '9187' crossed with Tester 2 of the dent heterotic group ( Figure  2B ). Based on their performances in the crosses with the two testers, it can be inferred that the progenies that combined best with Tester 1 were of the dent heterotic group, whereas the progenies that combined best with Tester 2 were of the flint heterotic group.
These progenies exhibited the best mean values for EW at the low-technological level and the highest mean values of alpha, and were the most efficient in using N, P, and K even at moderately low concentrations, indicating their efficacy both in N-, P-, and K-deficient environments and in environments with optimal levels of N, P, and K. The efficiency of these genotypes in relation to the others in the uptake and use of nutrients in grain production means that that the processes associated with the uptake, translocation, assimilation, and redistribution of nutrients were more efficient in these than in the other genotypes. Therefore, these progenies can be used in breeding programs with the aim of obtaining cultivars that take up and use nutrients in an efficient manner.
CONCLUSION
There were no differences in grain yield between the progenies at the two technological levels, and the testers did not differ in mean progeny grain yield at the two technological levels. Although the performances of the progenies were similar to those of the controls, it was possible to select progenies that were derived from commercial hybrids that were responsive and efficient with regard to fertilization.
